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Abstract: Fixation methods such as formalin are commonly used for the preservation of tissue
with the aim of keeping their structure as close as possible to the native condition. However,
fixatives chemically interact with tissue molecules, such as collagen in the extracellular matrix
(ECM) or myosin, and may thus modify their structure. Taking advantage of the second- and
third-harmonic generation (SHG and THG) emission capabilities of such components, we used
nonlinear two-photon microscopy (NL2PM) to evaluate the effect that preservation methods,
such as chemical fixatives, have on the nonlinear capabilities of protein components within
mouse tissues. Our results show that depending on the preservation technique used, the nonlinear
capabilities of collagen, lipid droplets and myosin microarchitecture are strongly affected.
Parameters of collagen fibers, such as density and branch points, especially in collagen-sparse
regions, e.g., in kidneys, were found to be altered upon formalin fixation. Moreover, cryo-freezing
drastically reduced SHG signals from myosin. Our findings provide valuable information to
select the best tissue fixation method for visualization and quantification of structural proteins,
such as collagen and myosin by advanced NL2PM imaging techniques. This may advance the
interpretation of the role these proteins play in disease.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Tissue preservation is a method widely used in handling biological specimens. The objective
is to maintain the chemical composition and micro-architecture of biological specimens by
stopping the activity of catabolic enzymes and the destruction of cellular and extracellular
components by microorganisms [1]. Almost any method of tissue preservation has an impact on
tissue structure, such as shrinkage, swelling and hardening of tissues with color variations in
various histochemical stains [2]. Some fixatives add covalent reactive groups that may induce
cross-links between proteins, individual protein moieties, within nucleic acids and between
nucleic acids and proteins. Some of the best examples of this group of fixatives are formaldehyde
and glutaraldehyde [3,4]. These fixation methods are also commonly used for clinical samples,
such as biopsies in combination with routine histopathology. Other storage techniques include
cryo-freezing, that is commonly used before cryo-sectioning and has the advantage of better
preserving DNA and RNA for genomics and transcriptomics [5].

The use of crosslinking agents can change the configuration of proteins or peptides and may
render the epitopes undetectable or unreachable by specific antigens. While fresh tissue even
visibly appears different under white light when compared to fixed tissues, there is a shortage
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of studies showing how fixation affects their optical properties, such as scattering, absorption
coefficients and polarization properties [6]. In particular, the influence of fixation on optical
parameters obtained by multiphoton nonlinear microscopy has not been studied systematically.

Nonlinear two- and three-photon microscopy (NL2PM and NL3PM) provides the possibility
of imaging intrinsic signals emitted from second and third harmonic generation (SHG and THG),
on top of signals emitted in the form of two-photon excited fluorescence (2PEF). Unlike 2PEF,
in which two photons are absorbed by the target structure to produce a fluorescent signal as a
single photon with some loss of energy, S- and THG do not involve photon absorption and energy
decimation. Instead, they are nonlinear coherent scattering processes involving the conversion of
two or three excitation photons into a single emission photon with twice or three times the energy,
respectively, and thus, half of the excitation wavelength for SHG and the third part for THG [7].

Biological materials with repetitive non-centrosymmetric units, such as fibrillar collagen or
myosin within the striated muscle facilitate the emission of SHG [8]. Both these proteins are
integral structural tissue components. Collagen is one of the major proteins expressed in the
extracellular matrix (ECM). In muscle tissue, it serves as a major component of the endomysium.
28 types of collagen have been identified, the most abundant of which is collagen I, which is
found in all connective tissues as well as blood vessels. Collagen IV can be detected in the
basal lamina of epithelial cells and serves as part of the filtration system in capillaries and the
glomeruli of nephron in the kidney [9]. Myosins are a superfamily of motor proteins, of which
Myosin II (also known as conventional myosin) is the myosin type responsible for producing
muscle contraction in skeletal and cardiac muscle cells. Both proteins, collagen and myosin, emit
SHG signals which can also be distinguished from another by NL2PM when co-expressed in the
same tissue [10]. THG on the other hand, is frequently produced at water-lipid and water-protein
interfaces, including intra- and extracellular membranes, lipids and microvesicular structures
[11]. Besides this, THG allows visualization of elastin in blood vessel walls, erythrocytes and
myelin in peripheral nerve fibers [12,13].

Importantly, the expression of both, collagen and myosin, is highly relevant in disease and
aging processes. Collagen is frequently overexpressed in solid tumors and therefore a potential
prognostic biomarker for cancer [14,15], especially in ECM rich tumors such as pancreatic ductal
adenocarcinoma [16,17]. Moreover, this protein is also overexpressed in fibrosis, the principal
pathological process underlying the progression of chronic kidney disease. Here, different types
of collagen are highly up-regulated, of which PIIINP and collagen type IV have already been
analyzed as potential biomarkers [9,18,19].

Myosin as an integral part of both cardiac and skeletal muscle, is for instance disturbed in
several neuromuscular pathologies as well as during age-related fibrosis, as demonstrated in hearts
of marmosets [10]. Muscle biopsies are useful for the differential diagnosis of immune mediated
myopathies, muscular dystrophies, congenital myopathies, and mitochondrial myopathies [20] and
myofibers are frequently disturbed in myopathies [21,22]. Histology of endomyocardial biopsy
specimens from patients with heart failure is still considered the gold standard for myocardial
fibrosis detection [23]. Accurate quantification of collagen and myosin is thus eminent in both
preclinical and clinical research, especially when healthy and diseased tissue are to be compared.

Here we provide evidence that diverse fixation methods and cryo-freezing can negatively
impact the SHG and THG signals from the structural components collagen and myosin in kidney
and heart tissues of the mouse. In particular, the clinically common fixative PFA drastically
reduces SHG signals derived from collagen, while cryo-freezing impacts on myosin signals.
Our results suggest that fixation per se or fixation methods should be carefully considered when
quantitative analysis of such structural components is envisaged.
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2. Materials and methods

2.1. Animals and organ harvesting

Organs were harvested from pathogen-free and healthy female BALB/c mice, 6–57 weeks of age
that were sacrificed by CO2 euthanasia. All animals were housed in a controlled environment
with a regular 12 h dark:light cycle, at 22°C and were fed laboratory chow and tap water ad
libitum.

2.2. Tissue preparation

Freshly explanted organs, i.e., heart, skeletal muscle and kidneys, were briefly washed in
phosphate buffered saline (PBS) and then grouped for the following conditions: (i) fresh unfixed
(9 animals), (ii) 24 h 4% paraformaldehyde (PFA) fixed (9 animals), (iii) cryo-frozen unfixed (3
animals) and (iv) storage for 2 days at 4°C, followed by 24 h of fixation by 4% PFA to mimic
forensic conditions (3 animals). Fixation using methanol, ethanol and acetone was tested for
kidneys using one animal each. For sectioning, organs were embedded in 5% agarose and were cut
into 50 µm and 100 µm using a vibratome (VT1000 S; Leica Biosystems). The vibratome tissue
sections used for NL2PM were mounted using Aqua Polymount mounting medium (Polysciences).
Left over 4% PFA fixed tissue was embedded in paraffin for immunohistochemistry staining.

2.3. Multiphoton nonlinear optical microscopy

Label-free SHG, THG and 2PEF imaging were performed on an upright TriM Scope II multiphoton
microscope (Miltenyi Biotec, Bielefeld, Germany) equipped with a tunable femtosecond laser
with two independently tunable output channels (Cronus 2P, Light Conversion, Vilnius, Lithuania).
The first tunable channel (680 - 960 nm) was used for SHG and 2PEF excitation, while the
second tunable channel (950 - 1300 nm) was used for THG excitation. The laser operated
between 1-50% of its maximal output power (1.2 W). The pulses were synchronous with a
repetition rate of 77 MHz each. Images were acquired using a Zeiss W Plan-Apochromat 20x
(NA 1.0) water immersion objective. The backscattered emitted light was split by two longpass
dichroic mirrors (Semrock) at 560 nm and 495 nm, and collected by photo-multiplier (H6780-
01-LV, Hamamatsu, Herrsching am Ammersee, Germany) and GaAsP detectors (H7422-40-LV,
Hamamatsu, Herrsching am Ammersee, Germany). A photo-multiplier tube (Hamamatsu) in
the transmission position collected the forwardscattered emitted light gathered by a 1.4 NA
condenser lens under the stage. SHG, THG and 2PEF signals were collected using the filter
settings 405± 10 nm and 525± 50 nm, respectively (405/10 and 525/50 BrightLine HD filters,
Semrock, AHF Analysentechnik Tübingen, Germany). For the overview images, an image size of
477× 477 µm with 1024× 1024 pixels and a pixel dwell time of 2.19 µs was used. Mosaic images
were acquired using 337× 328 µm tiles image size with 1024× 996 pixels to achieve adequate
image resolution for analysis. Laser power was monitored at the laser source to assure stability
over time and highly repeatable results. Incident laser power under the objective was 12 mW at
810 nm. Emitted light was collected with an oil immersion condenser in the forward direction,
which optimizes the detection of even weak SHG signals. PMT gain and laser power was always
the same for imaging before and after fixation, i.e. images of fresh tissue sections were acquired
with optimal parameters, then the tissue was fixed and sections of fixed tissue were imaged with
exactly the same parameters as the fresh tissue before. In total, 9 high-resolution mosaic images
(x ≈ 3 mm; y ≈ 2.7 mm) from fixed and fresh groups were used for quantification of collagen
patterns using Twombli (FIJI macro). From the other two groups, cryo-frozen and storage for 2
days, three high-resolution mosaic images of similar sizes were used for the quantification of
collagen patterns.
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2.4. Histology and immunohistochemistry

Paraffin embedded kidney tissue was cut with a microtome to 2 µm sections. For staining, the
sections were deparaffinized (60 °C, 30 min) and rehydrated by a descending ethanol series.
Picrosirius red (Sigma Aldrich) and Masson’s Trichrome Staining (MTS) (Sigma Aldrich) was
used to stain collagen according to the manufacturer’s instructions. Immunohistochemistry
was performed with rabbit-anti-mouse collagen I (Origene, Cat. No R1038) and collagen IV
(Progen; Cat. No 10760) antibodies following pre-treatment with target retrieval solution (pH
9, 100 °C, 20 min), H2O2 (10 min, RT) and Seablock (20 min, RT). Subsequently, secondary
antibody anti-rabbit horseradish peroxidase (Histofine, Nichirei Biosciences, 30 min, RT), and
AEC (3-Amino-9-ethylcarbazole) substrate (20 min, RT) was applied. Washing between each
step was done with Tris-(2-Amino-2-(hydroxymethyl)-1,3-propandiol) buffer (2x 5 min, RT).
Finally, the sections were covered with Immu-Mount mounting medium (Thermo Scientific)
and a cover glass for evaluation by light microscopy. Images were acquired with a Nikon Ti2
fluorescence microscope.

2.5. Image processing and statistical analysis

All images, including volumetric 3D microscopy z-stacks, were processed and analyzed with the
software Imaris 9.1.2 (Bitplane), Imaris Stitcher, FIJI (an image-processing package based on
ImageJ) and Graph Pad Prism 7.05 (Graph Pad Software, Inc.). Image processing (adjustments
in brightness, contrast or gain) was performed exactly the same for fresh tissue images as for
the corresponding fixed tissue images. Maximum 3D projections of z-stacks are presented.
Quantification of collagen area, number of branchpoints and number of endpoints was performed
with the FIJI macro TWOMBLI, according to the pipeline described in Wershof et al. (2021) [24].
Endpoints and branchpoints were normalized to total length of fibers. For statistical analysis, the
unpaired t-test was used with a P value of 0.05 as the margin for statistical significance.

3. Results

3.1. Fixation significantly decreases SHG signals from collagen fibers in the ECM of
mouse kidneys

We assessed the nonlinear microscopy signals in fresh and fixed kidney sections from normal
mouse tissue. Several different tissue fixation procedures were used, including 4% PFA, ethanol,
methanol, acetone as well as cryo-preservation. Sections were imaged by NL2PM to assess their
influence on SHG and THG signals.

SHG back- and forwardscattered signals revealed quantitative differences, mainly in collagen
architecture including individual fibers, depending on tissue preservation and type of organ
analysed. Figures 1 and 2 show in 50 µm thick kidney vibratome sections a significant reduction
of the visible number of individual fibers when compared to fresh unfixed samples.

In particular, after 4% PFA fixation SHG signals from collagen were preserved only in the
collagen-rich regions, e.g. around blood vessels, albeit also reduced (Fig. 1, red arrow heads),
while SHG signals from collagen-sparse regions were significantly reduced or undetectable
(Fig. 1, yellow arrow heads). These collagen-sparse regions demonstrate fine, intricate collagen
fibers, which are most probably composed of collagen IV.

Similar to 4% PFA, ethanol fixation led to reduced SHG signals from the collagen sparse
regions (Fig. 2, second last row), but they were still detectable after direct cryo-frozen conservation
(Fig. 2, 2nd row). Acetone and methanol had the most drastic negative effect on collagen derived
SHG signals, showing a reduction even in collagen-rich areas (Fig. 2, 5th and 7th row). Moreover,
they led to the highest 2PEF background signals (Fig. 2, 5th and 7th row).

These data were also quantifiable and revealed that fixed kidney tissue show a strongly
reduced fiber area in comparison to fresh tissue, depending on the fixative used (Fig. 3(A)).
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Fig. 1. Fixation reduces SHG signals from collagen of kidney tissue sections. Repre-
sentative images showing back- and forwardscattered SHG signals from collagen as well as
2PEF in (A) fresh unfixed and (B) 4% PFA fixed 50 µm thick vibratome sections of mouse
kidney. The yellow arrow heads mark collagen-sparse regions, while red arrow heads show
collagen-rich regions. Upper row shows merged image of bottom row images. Scale bars
represent 400 µm.

Especially collagen-sparse regions in the medulla (Fig. 3(A), right graphs) showed a stronger
reduction of collagen area in comparison to the cortex (Fig. 3(A), left graphs). Quantification of
branchpoints (number of fiber intersections normalized to total length) in the kidney medulla
region demonstrates a reduction by 25% in 4% PFA fixed and cryo-frozen tissue (Fig. 3(B))
and an almost complete loss in the 2 days at 4°C stored - 4% PFA fixed kidney tissue (data not
shown). This inevitably leads to an increased number of fiber endpoints, showing double as many
endpoints after cryo-freezing and ≈1,7 fold more endpoints after 4% PFA (Fig. 3(C)). Based
on these results we conclude that 4% PFA fixation and cryo-freezing reduces the fiber pattern
complexity of the ECM. In addition to an alteration in fiber metrics, we detected a significant
general increase in 2PEF signals in fixed kidney tissues which reached up to 10-fold of those
from fresh unfixed tissue (Fig. 3(D) and (E)).

To validate the presence and the types of collagen in the examined fixed kidney tissues
we performed a picrosirius red and MTS staining with all types of fixed tissue as well as
immunohistochemistry (IHC) on adjacent paraffin sections from 4% PFA fixed tissue with
antibodies against collagen I and IV. The picrosirius red and MTS staining confirmed the presence
of fine collagen fibers around the tubules of the medulla as well as the stronger collagen expression
in the cortex, in particular around blood vessels of the Bowman’s capsules (Fig. 4(A) and (B)
and Suppl. Fig. 1). Moreover, we found that all kidney tissues expressed collagen I and IV at the
expected locations, such as around blood vessels, tubules and in the interstitium (Fig. 4(C)-(D)).

3.2. Cryo-preservation strongly reduces myosin SHG signals in mouse heart tissue
sections

In heart tissue, myosin is a strong source of SHG signals. In contrast to collagen, myosin derived
signals in mouse 100 µm heart vibratome sections were mostly affected by cryo-freezing (Fig. 5,
1st and 3rd column). The high-resolution visualization of the myosin striation by SHG was no
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Fig. 2. Fixation reduces SHG signals from collagen in kidney tissue sections. Rep-
resentative images showing backscattered (2nd column, blue) and forwardscattered (last
column, white) SHG signals from collagen as well as 2PEF signals (3rd column, green) in
50 µm thick mouse kidney vibratome sections after the following treatment: (i) fresh unfixed
– 1st row, (ii) cryo-frozen – 2nd row, (iii) 4% PFA fixed – 3rd row (iv) 2 days 4°C and 4%
PFA fixed – 4th row, (v) acetone fixed – 5th row, (vi) ethanol fixed – 6th row, (vii) methanol
fixed – 7th row. Note that all fixations lead to a significant loss of SHG signals, in particular
deriving from fine collagen fibers of the kidney medulla. Scale bars represent 300 µm.
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Fig. 3. Quantification of ECM patterns in mouse kidney tissue sections. Quantification
of collagen area (A) and 2PEF (D) was performed under the following conditions: (i) fresh
unfixed, (ii) 4% PFA fixed, (iii) 2 days 4°C-4%PFA, (iv) cryo-frozen. Quantification of
branchpoints (B) and endpoints fiber metrics (C) was performed in fresh unfixed, 4% PFA
fixed and cryo-frozen tissues. (E) shows representative images of 2PEF signals from fresh
(left) and 4% PFA (right) fixed kidney sections. Scale bar in D represents 100 µm. **
represents p< 0,01; **** represents p< 0,0001.

longer possible after cryo-preservation, presumably due to the fragmentation of the proteins
(Fig. 5, yellow stars in zoomed images). Cardiac mouse collagen, which is also visible as
backscattered SHG in fresh unfixed tissue, was minimally affected by cryo-freezing (Fig. 5,
yellow arrow heads in 1st column).

3.3. Fixation modifies THG signals in kidney tissue

We then went on and assessed by NL2PM changes that may occur in THG signals upon fixation.
We found that in 100 µm vibratome tissue sections from mouse kidney, signals from lipid droplets
and nuclei are clearly reduced after 4% PFA. In fresh unfixed tissue, abundant lipid droplets were
visible around the tubules (Fig. 6, 1st row, 3rd column). Moreover, as THG frequently appears
at interfaces, tubular nuclei were well visible in fresh tissue (Fig. 6, 1st row, zoomed image).
Both these signals were significantly reduced in 4% PFA fixed tissue, in part probably through a
fixative-related dehydration of the tissue (Fig. 6, 2nd row, 3rd column and zoomed image). In
tissue that we kept at 4°C for 2 days before fixing with 4% PFA to mimic forensic conditions,
we found an almost complete loss of THG signals and an increase in 2PEF (Fig. 6, 3nd row, 3rd

column and zoomed image), possibly caused by a profound deterioration of the tissue before
fixation, which leads to highly autofluorescent dead cells.

In glomeruli, we demonstrate a complete change in the morphological structures that could
be visualized by THG. While fresh unfixed glomeruli displayed a strong THG signal from
erythrocytes (Fig. 7, 1st row, 3rd column), this signal disappeared after 4% PFA fixation (with
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Fig. 4. Histological and IHC validation of the presence of collagen in mouse kidney
tissue. Representative images of 2 µm paraffin sections from 4% PFA fixed tissue showing
picrosirius staining (A and B= inset of A) as well as IHC staining with anti-collagen I
antibody (C) showing expression around tubules (yellow arrow head) and with anti-collagen
4 antibody (D), demonstrating expression in the basal membrane around the tubules and the
Bowman’s capsules (black arrow head). Scale bars represent 800 µm in A, 200 µm in B and
50 µm in C, D.

and without 2 days storage at 4°C prior to fixation) and instead a changed THG signal appeared
that was emitted from the glomerular blood vessels (Fig. 7, 2nd and 3rd row, 3rd column), most
probably caused by deteriorated erythrocytes attached to the capillary network of the glomeruli.
Here too, we found an increased 2PEF signal after 4% PFA fixation (Fig. 7, 2nd column).

By contrast, the THG signal emitted from elastin present in larger blood vessels did not change
after fixation with 4% PFA, showing the preservation of fine elastin fibers in the basal membrane
layer of the tunica intima of the blood vessels (Fig. 8, 4th column). As already mentioned before,
Fig. 8 (1st column) also impressively shows the complete loss of collagen derived backscattered
SHG in kidney tissues that were stored at 4°C for 2 days before fixation of the organ. However,
forwardscattered SHG from collagen around the vessels was still visible in these tissues (Fig. 8,
3rd column).
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Fig. 5. Cryo-freezing strongly reduces myosin-derived SHG signals in mouse heart
tissue sections. Representative images showing backscattered (1st column, blue) and
forwardscattered (3rd column, white) SHG signals as well as 2PEF signals (2nd column,
green) from collagen and myosin in 100 µm vibratome sections of fresh unfixed (top row) and
cryo-frozen sections (bottom row) of mouse hearts. The yellow stars in the zoomed insets
of merged images (last column) mark the myosin preserved (top row) versus fragmented
(bottom row) regions. The yellow arrowheads mark collagen fibers visible in backscattered
SHG. Scale bars represent 200 µm and 20 µm (inset).
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Fig. 6. THG signals from lipid droplets and tubular nuclei are lost after fixation.
Representative images showing 2PEF (1st column), SHG signals from collagen (2nd column)
and THG signals from lipid droplets and nuclei (3rd column) in vibratome sections of kidney
tissue after the following treatment: (i) fresh unfixed – 1st row, (ii) 4% PFA fixed – 2nd row,
(iii) 2 days 4°C and 4% PFA fixed – 3rd row. The right panel shows a magnification of the
THG signals in the indicated regions. The yellow arrow head marks the lipid droplets; the
white arrow head marks a tubular nucleus with THG signal. Scale bars represent 20 µm and
5 µm for zoomed images.
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Fig. 7. THG signals from glomerular structures are changed after fixation. Represen-
tative images showing SHG signals from collagen (1st column), 2PEF (2nd column) and
THG signals from glomeruli (3rd column) in vibratome sections of mouse kidney after the
following treatment: (i) fresh unfixed – 1st row, (ii) 4% PFA fixed – 2nd row, (iii) 2 days 4°C
and 4% PFA fixed – 3rd row. Scale bars represent 50 µm.

3.4. NL2PM of skeletal muscle benefits from 4% PFA fixation

In contrast to the loss of collagen SHG visualization in kidney tissue and the deterioration
of myosin by cryo-preservation, the fixation of skeletal muscle with 4% PFA led to a drastic
improvement of the imaging quality. In fresh condition, the muscle loses its contracted form
and with this the regular striation pattern of the myofibrils, consisting of the myosin and actin
repetitions that make up the sarcomere (Fig. 9(A and B)). Upon 4% PFA fixation, this regularity
during contraction is immobilized and yields precise units of the sarcomere building blocks, where
myosin could be visualized by its SHG signals and where actin was visible by complementary
THG signals (Fig. 9(C and D), inset). As in heart muscle, THG signals could also be generated
from lipid depositions located between the muscle fibers (Fig. 9(C)) as well as 2PEF derived
from the muscle fibers (Fig. 9(D)).
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Fig. 8. THG signal from elastin in blood vessels is unchanged after fixation of mouse
kidney sections. Representative images showing SHG signals from collagen (1st and 3rd

column), 2PEF (2nd column) and THG signals from elastin (4th column) in vibratome
sections of mouse kidney after the following treatment: (i) fresh unfixed – 1st row, (ii) 4%
PFA fixed – 2nd row, (iii) 2 days 4°C and 4% PFA fixed – 3rd row. Scale bars represent 30
µm.
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Fig. 9. NL2PM of skeletal muscle benefits from 4% PFA fixation. Representative
images showing SHG and THG signals from fresh (A and B) and 4% PFA fixed (C and D)
mouse skeletal muscle vibratome sections. SHG signals from myosin (blue), THG signals
from actin, lipids and muscle fiber borders (magenta) and 2PEF (green) are visualized. Scale
bars represent 200 µm in A and C; 25 µm in B and D and 10 µm in insets.



Research Article Vol. 14, No. 8 / 1 Aug 2023 / Biomedical Optics Express 3999

4. Discussion

Biopsies and other clinical or pre-clinical tissues are frequently fixed for preservation, most
commonly with 4% PFA or by cryo-freezing. We show here by NL2PM that these routinely
used two tissue preservation methods significantly alter the intrinsic SHG and THG signals from
kidney, heart and skeletal muscle tissue. In kidney tissue we found that 4% PFA and ethanol
drastically reduced the SHG signals derived from fine interstitial collagen fibers. In cardiac
muscle tissue, myosin was significantly impacted by cryo-freezing. Other preservation methods
we tested, i.e. methanol and acetone also led to a pronounced loss of SHG signals from collagen.
Moreover, THG signals from lipid droplets and nuclei were also reduced in kidney tissue upon
4% PFA fixation, as opposed to elastin derived THG which was not impacted by this fixation
method.

The impact fixation or freezing has on SHG and THG signals is associated with changes
that these preservation methods have on the optical properties of the proteins that produce
these nonlinear signals. Wood and colleagues have shown an increase in both retardance and
depolarization post-fixation that can be attributed to a volume increase, resulting in a longer
optical pathlength [6]. The increase in retardance and depolarization after fixation may also be
due to changes in bulk optical properties. An increase in optical scattering within the tissue
after fixation, due to the cross-linking of proteins creating a more highly scattering media,
was also confirmed by others using a double-integrating sphere measurement on myocardial
tissue [25,26]. Such an increase in optical scattering of the light in the tissue can cause a
diminished back- or forwardscattered signal from the tissue to the detector. Fixation can also
introduce artefacts and distortions in the tissue that can affect the symmetry of molecules,
particularly in three-dimensional structures. One common artefact that can affect symmetry
in fixed tissue is shrinkage. This can lead to distortions of the tissue structure and the spatial
distribution of molecules within the tissue that are arranged in a specific orientation, such as the
non-centrosymmetric structures of collagen [27]. Fixation can also cause chemical modifications
to biomolecules such as proteins, nucleic acids, and lipids. These modifications can include
crosslinking, oxidation, or other chemical alterations, which can affect the symmetry of molecules
in the tissue. For example, crosslinking of proteins can cause changes in the conformation and
orientation of the protein structure, which can affect the activity of enzymes or the binding of
ligands.

We found a pronounced decrease of SHG signals localized around the glomeruli and tubular
region of kidneys, known to express collagen type IV (COL4) [28]. COL4 is a non-fibrillar
collagen that forms a network-like structure in basement membranes. It has a more globular
structure than fibrillar collagens and is thought to have a low SHG efficiency due to its high
symmetry and lack of long-range order. However, previous studies which claimed that COL4 does
not emit SHG have either used COL4 in its native form, using collagen gels or used suboptimal
conditions for detection of weak SHG signals [29,30]. While we have no direct evidence that
the SHG signals detected in these regions of fresh kidneys are originated from COL4, because
colocalization with a fluorescent anti-COL4 antibody is not feasible with unfixed tissue, we
speculate that in fresh tissue COL4, in association with other proteins present in the basement
membrane, is capable of producing SHG signals.

In tissue that was stored for two days at 4°C before fixation, we detected a complete loss
of backscattered SHG signal, but could still visualize a signal from forwardscattered SHG,
albeit strongly reduced. When collagen fibers undergo changes to their non-centrosymmetric
arrangement it will cause a change in SHG polarization dependence. This can lead to differences
in forward- and backwardscattered SHG signals, which are differently sensitive to the orientation
of the collagen fibers. In the case of the two days stored tissue, the deterioration of the proteins
most likely caused a change in the collagen fiber orientation and thus affecting the polarization,
which could not be detected anymore in the direction opposite to the incident beam.
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While SHG and THG signals are not routinely assessed in clinical pathology, these processes
have repeatedly been shown to provide important information on the expression and morphology
of structural proteins such as collagen and myosin. The influence of fixation and preservation
methods on collagen and myosin quantities or morphology is essential for the assessment
of disease degree, classification of subtypes of disease as well as the identification of subtle
differences in pathologies with similar symptoms. For instance, in oncology, tumors are frequently
characterized by collagen-rich ECM, which plays a role in metastasis and is a prognostic factor
for disease outcome. Importantly, the connection of tumor-associated collagen signatures with
prognosis and therapy has repeatedly been demonstrated by SHG assessment using NL2PM
[31–33]. Furthermore, it was also shown that this imaging methodology was able to reveal changes
in breast tumor collagen induced by neoadjuvant chemotherapy [34] and that the ultrastructure
of collagen measured by polarimetric SHG microscopy showed differences in certain breast
tumor types [35]. Other cancer types have also been studied by SHG and THG imaging, such as
brain and skin [36,37]. More recently, Minamikawa et al. were able to detect ultra-early-stage
liver fibrosis by SHG microscopy [38]. Gavgiotaki et al. demonstrated that the combination of
THG imaging with FTIR spectroscopy was able to distinguish malignant cell grade in human
breast tissue biopsies [39]. These examples vividly make it evident that a drastic change in SHG
and THG signals by fixation would result in a loss of information particularly about collagen
signatures and may prevent a precise diagnosis, disease classification or monitoring the efficacy
of therapeutic strategies. As a consequence, patients may not be allocated to the best available
therapy.

Similar to the imaging of collagen in cancer and fibrosis, myosin-derived SHG can provide
new information as well as diagnostic support in neuromuscular as well as cardiac diseases.
As early as 2008, Plotnikov et al. showed that SHG imaging was able to provide measures of
muscle contractile integrity that correlated strongly with the decline in skeletal muscle function in
three different neuromuscular mouse models and human biopsies [40]. In cardiac muscle, SHG
imaging was able to reveal micro-level distortion of myofibrils in a model of cardiac remodeling
by pressure overload [41]. Combined, these data also suggest that SHG and THG microscopy
have highly translatable value for clinical use. Together with our results, which suggest that
SHG imaging of fresh tissue provides a significantly more accurate quantitative outcome of SHG
emitting proteins such as collagen and myosin, one could envisage NL2PM for a more rapid,
label-free clinical assessment of tissues where these proteins play a significant role. The fast
SHG and THG evaluation of the ECM in a tumor biopsy or of the myofibril fibers in a muscle
biopsy from a child with suspected muscular dystrophy by means of NL2PM in a clinical setting
are most fitting examples here. It was already shown that even minimally invasive SHG based
endomicroscopy is feasible for the observation of sarcomere lengths and contractile dynamics in
muscular diseases such as amyotrophic lateral sclerosis or muscular dystrophy [42,43]. Most
importantly, the decision if and how to fix the tissue before SHG and THG detection strongly
depends on the tissue type and the protein to be evaluated. Thus, in the case of tumor biopsies,
the tissue should be used fresh and immediately after recovery, as all commonly used fixatives
have a severe impact on SHG signals from the ECM compound collagen. In the case of heart
muscle, cryo-freezing should be avoided completely, as it affects the detection of myosin. While
we did not evaluate cryo-frozen skeletal muscle, we expect that this preservation method has
an equally strong negative effect on myosin as on heart muscle. Last but not least, fixation can
have a positive effect on the SHG visualization of skeletal muscle and should therefore be the
preferred conservation method for this kind of tissue.

In summary our results suggest, that routine collection and pathological assessment of tissues
in the clinic should be reconsidered by integrating the quantification of SHG and THG signals
and by choosing the optimal preservation/fixation method in dependence of the tissue and the
structures of interest before further microscopic analysis.
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